Covalent labeling along with mass spectrometry is a method that is increasingly used to study protein structure. Recently, it has been shown that diethylpyrocarbonate (DEPC) is a powerful labeling reagent because it can modify up to 30% of the residues in the average protein, including the N-terminus, His, Lys, Tyr, Ser, Thr, and Cys residues. We recently discovered, however, that Cys residues that form disulfide bonds appear to be modified by DEPC as well. In this work, we demonstrate that disulfide linked Cys residues are not actually reactive with DEPC but, instead, once reduced, free Cys residues can capture a carbethoxy group from other modified amino acids via a solution-phase reaction that can occur during the protein digestion step. This "scrambling" of carbethoxy groups decreases the amount of modification observed at other residues and can potentially provide incorrect protein structural information. Fortunately, label scrambling can be completely avoided by alkylating the free thiols after disulfide reduction.
Introduction
M ass spectrometry (MS) is increasingly being used as a means of studying the higher order structure of proteins and protein complexes. While other methods, such as NMR and X-ray crystallography, provide more detailed structural information, there are some limitations to these methods. For example, some proteins are difficult to study by these methods due to size, conformational flexibility, aggregation propensity, or limited sample amount. As such, MS combined with labeling techniques has been investigated to address some of these shortcomings. H/D exchange [1] [2] [3] [4] [5] [6] , chemical cross-linking [7] [8] [9] [10] [11] [12] [13] , covalent labeling [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , and noncovalent labeling [24] [25] [26] are commonly used techniques. Each of these approaches results in the modification of multiple amino acids, and except for the noncovalent labeling approach, protein structural information is obtained by identifying the protein sites that are modified by MS and/or MS/MS after proteolytic digestion. H/D exchange uses deuterium as a reagent to measure backbone amide hydrogen exchange rates. These rates are then used to provide information concerning protein structure, dynamics, and interactions. When combined with MS, H/D exchange is a very powerful tool because it gives information about virtually every backbone amide; however, it does not provide information about amino acid side-chain positions and also suffers from back-exchange and scrambling if special care is not taken during the MS measurements. In chemical cross-linking experiments, new intra-or intermolecular bonds are created that set distance constraints on the location of two amino acid side chains. The resulting set of distance constraints can then be used to deduce protein structure, especially for protein-protein and protein-ligand complexes. One challenge with cross-linking experiments is the identification and sequencing of the resulting crosslinked peptides.
Mass spectrometry has also being used in combination with covalent labeling reactions to study protein structure [21] . In comparison to H/D exchange, covalent labeling does not suffer much from label back-exchange or scrambling, and it also provides structural information about amino acid side chains, making it complementary to H/D exchange. Covalent labeling also has some similarities to chemical cross-linking in that it covalently modifies amino acid side chains. In covalent labeling experiments, however, only a single polypeptide chain is modified, making mass spectral and data analyses more straightforward. There are two general types of covalent labeling reagents, those that modify many different amino acids (e.g., hydroxyl radicals [14-20, 23, 27] ) and those that react with specific amino acids (e.g., succinimides that react with lysine residues [21, 28, 29] ). Hydroxyl radicals are commonly used and irreversibly modify proteins and other macromolecules. Amino acid specific labels also typically irreversibly modify amino acid side chains. Although, there are a few examples of labels, such as arginine-specific dicarbonyl compounds that label reversibly and therefore require additional reagents to stabilize them [21] .
Our group has been investigating diethylpyrocarbonate (DEPC) as a multi-residue labeling reagent because we have found that it can probe up to 30% of the residues in the average protein, including the N-terminus, His, Lys, Tyr, Ser, Thr, and Cys residues [22] . DEPC also generates only one product type, carbethoxylated residues, allowing for straightforward and sensitive analyses of the modified amino acids. We and others have shown that DEPC labeling can provide useful structural information for proteins and protein-protein interactions [22, [30] [31] [32] [33] [34] [35] . Due to DEPC's molecular size, proteins are typically only labeled at amino acids that are exposed to solvent on the protein surface. Amino acids that are buried inside the protein are usually not labeled. Thus, DEPC is particularly useful for studying protein-protein complexes.
In the course of our work with DEPC, we have noticed for some proteins that Cys residues that form disulfide bonds can be modified by DEPC. The thiol groups of free Cys residues are known to be very reactive with electrophilic compounds, but the disulfide formed by two Cys residues is typically much less reactive toward electrophiles. In the present work, we set out to understand this observed reactivity in order to establish whether or not disulfides indeed react with DEPC or whether something else explains the modification of disulfide bonded Cys residues. From a series of labeling experiments with proteins and Cyscontaining peptides, we have discovered that unmodified free Cys residues can capture a carbethoxy group from other DEPC modified amino acids via a solution phase reaction. This "scrambling" of covalently modified residues is very atypical for covalent labeling/MS experiments and would seem to lessen the utility of DEPC as a labeling reagent. Fortunately, though, addition of an alkylating agent (e.g., iodoacetamide) during protein digestion prevents this scrambling and ensures the fidelity of the information obtained from the DEPC labeling experiments.
Experimental

Materials
Human β-2-microglobulin (β2m) was obtained from Fitzgerald Industries International, Inc. (Concord, MA, USA). Immobilized chymotrypsin and triethylamine acetate (pH 8.0) were obtained from Princeton Separations (Adelphia, NJ, USA). Diethylpyrocarbonate (DEPC), imidazole, iodoacetamide, and tris(2-carboxyethyl)phosphine (TCEP) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ammonium acetate, methanol, acetonitrile, and acetic acid were purchased from Fisher Scientific (Fair Lawn, NJ, USA). Centricon molecular weight cutoff (MWCO) filters were obtained from Millipore (Burlington, MA, USA). Deionized water was generated with a Millipore (Burlington, MA) Simplicity 185 water purification system. The peptides ANP (SLRRSSCFGGR), angiotensin I (DRVYIHPFHL), and semastatin (SPWTKCSATCGGGHYMRTR) were from American Peptide Company (Sunnyvale, CA, USA).
Proteolytic Digestion
Before the addition of enzyme, DEPC-reacted β2m was purified using a 10,000 MWCO filter to reduce the concentration of the reagent used to quench the DEPC reaction (see DEPC modification procedure below). Before filtering, the volume of the β2m sample was 100 μL. The volume was then reduced to approximately 10 μL during the filtering step, and then the sample was reconstituted with deionized water to a volume of about 40 μL, resulting in a β2m concentration of about 250 μM. β2m was then incubated in a buffer solution (100 mM triethylamine at pH 8.0) with 10% (vol/vol) acetonitrile at 50°C for 45 min prior to digestion. β2m samples were then reacted with TCEP (protein:TCEP=1:40 molar ratio) to reduce the disulfide bond, while for proteins in which the disulfide bond was not reduced, TCEP was not added. In some cases, iodoacetamide was also added (~80-fold molar excess over the protein) at the same time as TCEP to alkylate the free Cys residues. Under these reaction conditions, the cysteine residues were 100% alkylated as determined by LC/MS analysis. Stock solutions of iodoacetamide were prepared in triethylamine acetate at pH 8.0, and alkylation reactions were carried out in the dark for 30 min. Immobilized chymotrypsin was added to yield an enzyme/substrate ratio of 1:10, and the protein/ enzyme mixture was incubated at 37°C. After 2 h of digestion, the enzyme was separated from the protein by centrifuging the reaction mixture for 2 min at 1000 RPM. In all cases, the modified proteins were analyzed right after digestion.
DEPC Modification
The modification reactions of peptides and proteins were performed for 1 min at 37°C and were initiated by adding DEPC in acetonitrile in a molar excess of four. The total amount of acetonitrile added was 1 μL and the total reaction volume was 100 μL. After 1 min, 10 mM imidazole was added to quench the reaction [22] .
Instrumentation
Mass spectra were acquired on a Bruker AmaZon (Billerica, MA, USA) quadrupole ion trap mass spectrometer equipped with an electrospray ionization source. Typically, the electrospray needle voltage was kept at~4 kV, and the capillary temperature was set to 250ºC. Either CID or ETD was used to obtain tandem mass spectra. In the CID experiments, an activation time of 40 ms was chosen, and the amplitude of the resonance excitation voltage was optimized to ensure efficient ion dissociation. For the ETD experiments, fluoranthene radical anions, which were generated via negative chemical ionization with methane reagent gas, were used with an accumulation time of 10 ms. The ETD parameters that were used are the following: low m/z cutoff (LMCO) values ranging from 50 to 180, reaction times ranging from 50 to 180 ms. The values were chosen to give the most efficient dissociation. For direct injection experiments, samples were delivered at 2 μL/min with a syringe pump. An HP1100 HPLC system (Agilent, Wilmington, DE, USA) with a Discovery C 18 column (15 cm×2.1 mm, 5 μm particle size; Supelco, St. Louis, MO, USA) was used for HPLC analysis. Peptide mixtures or peptide fragments from the proteolytic digests were eluted using a linear gradient of methanol increased from 10% to 100% methanol for 30 min. The mobile phase contained 0.1% acetic acid and had a flow rate of 0.25 mL/min.
Results and Discussion
Modification of Cysteines in a Buried Disulfide Bond
Upon DEPC labeling of the protein β2m, 70% (19/27) of the modifiable solvent exposed amino acids are modified ( Figure 1 , and Table S1 , column 5 in the Supporting Information), which is consistent with previous work [22, 36] . Residues with ≥30% solvent accessibility are typically considered to be solvent exposed, and residues with 10%-30% solvent accessibility are usually recognized as partially exposed [37] . The DEPC reaction appears to be fairly selective for labeling solvent exposed residues as only four partially exposed residues and three "buried" residues are labeled by DEPC. The modification percentages for partially exposed residues, such as Ser11, Ser28, Lys41, and Tyr67/ Thr68 are relatively low, ranging from~0.3% to 4%, which is consistent with these residues being only partially exposed. The buried residues that are modified are Cys25, Cys80, and Tyr78. The modification percentage for Tyr78 is very low, only~0.1%. This low level of modification may reflect protein dynamics that partially expose this residue to solvent. Indeed, in the NMR structures used to determine solvent accessibilities for β2m, a few of the structures have this residue partially exposed [38] . The relatively high modification percentages for Cys25 and Cys80 (Figure 1 , red bars), however, are surprising. The residues are not only completely buried in all the NMR structures, but they also form a disulfide bond. As such, they should not react with DEPC at all. Nonetheless, after reacting the protein as described in the experimental section and then reducing and digesting the protein, we find two peptides, 23 LNCY 26 and 79 ACRVNHVTL 87 , that contain DEPC-modified cysteine residues (Figure 2 ). In addition, these two Cys residues are modified to significant extents.
One possible explanation for the modification of Cys25 and Cys80 is that DEPC is not fully removed during the quenching step with imidazole such that this reagent can react with the free cysteine groups that are made available during the reduction and digestion steps. To test whether there is still DEPC left in the sample, the peptide angiotensin I (DRVYIHPFHL) was added into the sample after the quenching and filtering steps. If DEPC remained in the solution, we would expect this peptide to be modified by DEPC at one or more of its His residues, but no modification of angiotensin I is observed (data not shown), indicating that the DEPC is fully quenched by imidazole.
Another possible explanation for the modification of Cys25 and Cys80 is that the free thiols of these residues are able to capture a carbethoxy group from another modified amino acid via an intra-or intermolecular reaction (Scheme 1) after the disulfide bond is reduced. Several experiments were carried out to test this hypothesis. First, the modified protein was enzymatically digested without adding TCEP to reduce the disulfide bond. LC/MS experiments reveal the presence of the disulfide-linked peptide, 23 LNCY 26 / 79 ACRVNHVTL 87 , without any measurable modification. This result indicates that the disulfide-linked Cys residues do not react with DEPC in the intact protein or in peptide fragments. Moreover, the modification levels for many of the other residues, especially His, Ser, and Tyr residues, are found to increase (Figure 1 , compare red and green bars, and Table S1 , compare columns 5 and 7), which is consistent with the idea that Cys can no longer capture the carbethoxy group from these other residues. In a second set of experiments, the modified protein with all residual DEPC completely removed (as confirmed by the failure to modify angiotensin I [data not shown]), was reduced by TCEP, digested by immobilized chymotrypsin, and then the peptide fragments were allowed to remain in solution for 24 h after removing chymotrypsin. After remaining in solution for 24 h, the modification extent for Cys25 increased from 52±2 to 91%±7%. Similarly, the modification extent for Cys80 increased from 15±5 to 100% (Figure 1 , blue bars, and Table S1, column 6). It is important to note that the modification extents for some of the other residues, especially His, Ser, and Tyr residues, decrease over time, which is consistent with the Cys residues capturing the carbethoxy group, although, the modification losses of some of these residues are partially due to hydrolysis [21, 22, 39, 40] . As a whole, these data are consistent with the idea that the free thiols of Cys can capture a carbethoxy group from other DEPC-modified amino acids in solution.
Carbethoxy Group Capture by Peptides in Solution
To further test this idea, we examined the reactivity of unmodified cysteine-containing peptides with other DEPCmodified peptides. Angiotensin I was reacted with DEPC, and the reaction was quenched by imidazole. Then, the cysteine-containing peptide ANP (SLRRSSCFGGR) was added to the solution containing DEPC-modified angiotensin, and TCEP was also added to minimize intermolecular disulfide formation between two ANP molecules. The Figure 1 . DEPC modification percentages for residues in β-2-microglobulin under different conditions as explained in the text and experimental section. All experiments were repeated three times, and the means and standard deviations are reported. Table S1 in the Supporting Information provides a list of the solvent accessible surface areas for each of these labeled residues and the numerical modification percentages for each residue. TCEP corresponds to tris(2-carboxyethyl)phosphine, and IAM corresponds to iodoacetamide sample was then analyzed by LC/MS as soon as possible (Figure 3a) and after 24 h (Figure 3b) . Figure 3 indicates that the cysteine-containing peptide ANP is able to capture a carbethoxy group from angiotensin I after reacting with the peptide for 24 h. The chromatogram in Figure 3a shows that no modification of ANP is observed when the sample is analyzed within 10 min; this is because no free DEPC is present in the solution and the capture reaction has not occurred yet. After incubating the two peptides together for 24 h, however, 37%±2% of ANP is found modified at Cys7 (Figure 3b , peak at retention time of 12.5 min). Tandem MS of the peptide corresponding to this peak at 12.5 min confirms that the modification site on ANP is Cys7 with no modification observed at the N-terminus ( Figure S1 in the Supporting Information). Importantly, if ANP is reacted directly with DEPC for 1 min, both the N-terminus and Cys7 are found modified ( Figure S2 in the Supporting Information). In addition to modification of ANP at Cys7, the ion abundances of the peaks corresponding to DEPC-modified angiotensin I decrease. For example, angiotensin I peaks corresponding to modifications at His6 decrease in abundance. These decreases are likely due to cysteine capture, but they also could be due to hydrolysis of the carbethoxylated residues as indicated above [22, 33, 39, 40] . One might argue that the hydrolysis product, ethyl hydrogen carbonate, could react with the thiol group of Cys, but this product is not only unreactive with nucleophiles but is well known to be highly unstable in water, like all alkyl hydrogen carbonates [41] . These experiments with peptides further suggest that cysteine can capture a carbethoxy group from other DEPC-modified amino acids.
We also investigated the possibility of capture by Cys in a peptide that forms a disulfide bond. For this purpose, we used the peptide semastatin (SPWTKCSATCGG GHYMRTR). Figure 4 shows the total ion chromatogram (TIC) of semastatin after reacting with DEPC at a 1:4 peptide:DEPC ratio. The reaction was quenched by adding imidazole, and no TCEP was added to reduce the disulfide bond. Four different modification sites are identified by LC/MS/MS, including Tyr15, His14, the N-terminus, and Lys5. Peaks corresponding to peptides with two DEPC modifications on the same peptide are also observed around 18 min as indicated in Figure 4 . No modification of the two Cys residues is observed because the two Cys residues form a disulfide bond and are therefore unreactive with DEPC. To test whether free Cys residues in semastatin could capture the modification from another residue, TCEP was added after quenching the DEPC reaction in order to reduce the disulfide bond before analysis. Figure 5 shows the resulting LC/MS data after letting the disulfide reduced peptide sit in solution for 10 min (Figure 5a ) and 2 h (Figure 5b ). As shown in the figure, there is some minor modification at Cys6 and Cys10 even after 10 min, indicating that the capture reaction is fast for this peptide; however, the data also shows that Tyr15, His14, the Nterminus, and Lys5 are still modified. In addition, a peak is observed that corresponds to a peptide with two DEPC modifications on the same peptide; MS/MS confirms that both Cys6 and Cys10 are modified in the ion corresponding to this peak. After sitting in solution for 2 h, the modification levels at Cys6 and Cys10 have increased quite noticeably, while the modifications at Tyr15 and His14 are no longer measurable. Also, the intensity of the peak that corresponds to a peptide with two DEPC modifications at Cys6 and Cys10 also increased. The decrease in the modification extents for Tyr15 and His14 could be due to the hydrolysis of the carbethoxylated residues [22, 36, 39, 40] rather than capture of the carbethoxy group by the Cys residues. A control experiment, however, shows that hydrolysis is not the primary cause (see Figure S3) . Overall, these data indicate that Cys residues can capture a modification from another residue but only when the Cys residues are free thiols and not when they are part of a disulfide bond.
Avoiding Carbethoxy Transfer to Cysteine
Avoiding the modification of disulfide linked or buried Cys residues is important for maintaining accurate protein structural information from DEPC labeling experiments. As was shown above for β2m, this can be done by not reducing the disulfide bond, but this, of course, would lead to low digestion efficiency and a diminished ability to find modified amino acids. So, we investigated the ability of iodoacetamide to prevent carbethoxy transfer to the free cysteine residues that are produced after disulfide reduction. Iodoacetamide is commonly used in proteomics to alkylate free thiols and prevent peptide fragments from forming disulfides after digestion. So, we reasoned that this reagent might rapidly alkylate the free thiols, thereby preventing transfer of the carbethoxy groups to the newly reduced Cys residues. The gray bars in Figure 1 and the last column in Table S1 show that when iodoacetamide is added during the β2m disulfide bond reduction step, no DEPC modification is observed at the two Cys residues. Moreover, the modification percentages of all the other residues, compared with the case when no TCEP is added (Figure 1 , compare green and gray bars, and Table S1 , compare columns 7 and 8), are mostly unaffected, indicating iodoacetamide has no effect on the DEPC labeled peptides. Additional experiments were also carried out to ensure that alkylation by iodoacetamide does not displace DEPC labels from Cys residues that are properly labeled by DEPC. To test this possible scenario, the peptide ANP was reacted with DEPC for 1 min at a 1:4 peptide:DEPC ratio, and LC/MS/MS data indicate modifications at the N-terminus and Cys7. The percentage of peptides with a modification at the Nterminus was found to be 5%±1%, and the percentage of modified Cys7 residues was found to be 3.8%±0.6%. To the same sample TCEP and iodoacetamide were added and allowed to react for 30 min. After this 30 min reaction, the remaining free thiols were modified 100% by iodoacetamide. The DEPC modification percentages of the N-terminus and Cys7 were found to be almost identical to the percentages measured before alkylation, with the N-terminus being modified 6%±1% and Cys7 modified 2.9%±0.4%. These results indicate that even with a vast excess of iodoacetamide, alkylation does not displace a DEPC label from cysteine or other modified amino acids. Therefore, blocking cysteine groups by iodoacetamide can effectively prevent label scrambling without influencing the modification levels of solventaccessible free cysteine residues.
Conclusions
From the data presented here, we can conclude that disulfide linked cysteine residues do not react with DEPC, but when a disulfide bond is reduced to form free thiols, these reduced cysteines can capture carbethoxy groups from other modified amino acids. This process can accelerate the loss of DEPC modification from certain amino acids, especially His, Ser, Thr, and Tyr residues, and lead to less structural information. In addition, the modification of buried cysteines can also lead to incorrect structural information about a protein. Hence, it is important to avoid the transfer of carbethoxy groups to cysteine. Digesting the protein without adding a reducing agent is one possible solution, but this decreases digestion efficiencies. A better solution is to add iodoacetamide during the disulfide reduction step to alkylate free thiols, thereby preventing transfer of carbethoxy groups from modified residues to cysteines. While the described results are specific for DEPC labeling experiments, we predict that other electrophilic labeling reagents could conceivably exhibit similar scrambling behavior.
